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Among all eruptions that took place on the Azores Archipelago since the Portuguese settlement in the XVI cen-
tury, those of 1580 and 1808 in the island of São Jorge were unusual. The magma erupted in 1580 ascended
from at least 23 km and ponded at a minimum depth of 16 km. Here residual magma fractionated mafic phases
and plagioclase during 228 years before erupted again in 1808. Magma emission occurred from numerous fis-
sures active at the same time and opening for several kilometres, following a local tectonic trend. Hydro-
volcanic outbursts and hot rock fall over steep slopes caused casualties and injuries, and lava flows and heavy
tephra fallout affected the local economy. Despite of all these dramatic consequences, thememory of these erup-
tions is almost vanished. Representative geosites and morphological landforms if not hindered by lush vegeta-
tion, have been reshaped by diffuse quarries and reworked to recover croplands and pastures. Aiming at a
better comprehension of themultiple hazards associatedwith volcanic eruptions at São Jorge Island, we retraced
the volcanic events of these two eruptions by matching our re-interpretation of historic reports with field data
and photogrammetry, and with fluid inclusions, petrography and geochemical data of erupted products.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Natural phenomena, specifically volcanic eruptions, always attracted
ancient Greeks and Romans. Their heritage is a great deal of detailed de-
scriptions of events occurring in the Mediterranean area (e.g. Empedo-
cles, Plato, Lucretius, Ovid, Vitruvius, Diodorus Siculus, Seneca, Pliny the
Younger). The interest for natural facts in Europe survived to theMiddle
Age and more accurate reports of the outbursts at Mt. Etna and Neapol-
itan volcanoes populated chronicles and documents.

In the Canary and in the Azores islands, accounts of volcanic events
started in the 15th century and coincided with Portuguese and Spanish
settling. However, the earliest reports were ambiguous, leaving many
uncertainties on the location of the eruption and the kinds of volcanic
events (e.g., Carracedo et al., 2007; Gaspar et al., 2015). In the Azores ar-
chipelago, up to the XIX century, priests were the main educated per-
sons charged to write accounts on the happenings of their villages but
theirmemorieswere not tailored-made for volcanological purposes. Re-
cent efforts for a scientific re-interpretation of these tales produced a
functional reconstruction of eruptions (e.g. Cole et al., 1995; Gaspar
et al., 2015; Pimentel et al., 2016).
non).
Fifteen out of the twenty-eight historic eruption in the Azores, have
been subaerial and stroke São Jorge, Faial, Pico, Terceira and SãoMiguel
islands. Except for explosions from the trachytic volcanoes at São
Miguel, all the other events showed similar volcanological characteris-
tics. They developed either along fissures of limited length, which
intersected the edifice of a central volcano following a local tectonic
trend (França et al., 2006; Cappello et al., 2015; Wallenstein et al.,
2015), or along transtensive fractures forming fissure zones of regional
importance (i.e.; Ferreira et al., 2015; Pedrazzi et al., 2015; Zanon,
2015a) and that are fed from the central volcano (Zanon et al., 2013;
Zanon and Frezzotti, 2013; Zanon, 2015a; Zanon, 2015b). Mild-
explosive eruptions formed cinder cones and spatter ramparts along
thesefissures. Emitted volumes are small if compared to Iceland, Hawaii
and La Reunion volcanoes, and duration of the events ranged from sev-
eral days to a few months (Cappello et al., 2015; Gaspar et al., 2015;
Pedrazzi et al., 2015). Frequently emitted lavas are porphyritic-to-
highly porphyritic basalts with phenocrysts and antecrysts of olivine
and clinopyroxene and plagioclase microphenocrysts (Beier et al.,
2006; França et al., 2006; Zanon and Frezzotti, 2013; Zanon, 2015a).

Subaerial eruptions took place at São Jorge Island in 1580 and 1808
and a third probable event occurred offshore the south-western coast
in 1964 (Madeira and Brum da Silveira, 2003). Historical reports
accounted for 45 casualties, and the eruptions of 1808 and 1580 are
the second and the third in the rank of the deadliest volcanic events in
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the Azores, after the 1630 eruption at Furnas Volcano, at São Miguel
(Cole et al., 1995; Gaspar et al., 2015), which caused at least 195 deaths.
The preservation of the geological heritage is entrusted to recent legis-
lation and the guarantee by the institution of natural parks in each is-
land (Regional Legislative Decree no 15/2007/A). In this way,
landform generated by historical magmatism is preserved in many of
the islands, although difficult to identify due to lush vegetation. In the
case of São Jorge, only limited portions of geological structures are in-
cluded in protected areas of the island (Regional Legislative Decree no
10/2011/A). However, for the lack of efficient land-use planning until
the end of the last century, some pyroclastic cones have been exploited
by quarries, and lava flows have been re-shaped to recover pastures and
croplands. As a result, important geomorphological features are now
barely recognizable in thefield, after 211 and 439 years from the respec-
tive magmatic emission. As a comparison, the theatre of the 1730
Timanfaya eruption, at Lanzarote (Canary Islands – Spain) is a national
park with the status of “No Take Zone”. Visits are possible only along
well-defined paths to prevent any interference with local geodiversity
and biodiversity and even the actions for scientific purposes are regu-
lated and controlled by authorizations.

A significant number of the ~9000 inhabitants of the island have set-
tled in areas affected by young and historical eruptions and are exposed
to volcanic risk. The modelling of the dynamics of possible future São
Jorge magmatism requires the comprehension of the circumstances as-
sociated to the two historical events, through a scientific re-
interpretation of the existing chronicles and the brief reports in scien-
tific literature. To pursue this purpose, the objectives of this work in-
clude (1) the definition of the chronology of the events, (2) the
mapping of the eruptive theatre with the extension of lava flows,
(3) clarification of the mechanism that determined the casualties, its
source and its implication for hazard mitigation.

2. Geological setting of the island

São Jorge is part of the Azores archipelago, in the central-North At-
lantic Ocean (Fig. 1a). These islands are located in a region affected by
lithospheric stretching, as a response of the different directions of the
Fig. 1. This sketchmap of São Jorge Island includes the geographical distribution of the product
Manadas (salmon). This figure also shows the name of the localities (in capital letters) and top
Cristo (Marques et al., 2018). Blue lines mark eruptive fissures and dykes. The left-hand inset (a
bathymetricmap of this region (Lourenço et al., 1998) and themain tectonic lineaments. The re
south boundaries of this region. Further details are available in Marques et al. (2013).
movement of North America, Eurasia and Nubia plates (Fig. 1b). A
bathymetric map shows horst, grabens and volcanic ridges mostly dis-
tributed along N110°–N120° directions (Lourenço et al., 1998). The
islands of São Miguel, Terceira and Graciosa grew on the Terceira Rift,
a structure which marks the northern boundary with the Eurasia. The
Pico–Faial volcanic system is located on the master fault bounding the
south edge of the Faial graben and the São Jorge Island developed in
the middle of the São Jorge graben (Marques et al., 2013). Seismicity
in the central part of the archipelago occurs dominantly offshore,
along WNW–ESE and NNW–SSE oriented faults (i.e., Marques et al.,
2014).

São Jorge Island, located in the central part of the archipelago, is a 55-
km-long and only 6.5-km-wide volcanic ridge extended along the
N115°-N120° direction (Madeira and Brum da Silveira, 2003;
Hildenbrand et al., 2008). The axial zone of the volcanic ridge is
characterised by alignments of single or nested cinder cones, which in
many cases reached a considerable size. This island is bounded by
transtensive faults and collapse scars, which determined almost contin-
uous 400–800mhigh steep cliffs. Rocky platforms, termed “fajãs”, inter-
rupt the coastal steepness at sea level. Fajãs formed either by landslides
or lava deltas and are the sites wheremost of the population settled, for
the more favourable weather and access to the ocean.

Magmatism started at least 1.85 Ma (Marques et al., 2018) at the
Serra do Topo fissure zone, forming a volcanic ridge at the south-east
part of the island. Dykes swarms cropping out at the Fajã de São João,
are intruded along N150° (Fig. 1), while the eroded cinder cones in
this area are aligned along N114°, showing a major counter-clock rota-
tion of the stress field of the Azores region (Silva et al., 2012;
Hildenbrand et al., 2014). After a major tectonic reshaping, volcanism
resumed ~368 ka west-north-westwards and originated a ridge elon-
gated along N118°-N120°, which was active at least up to 236 ka
(Hildenbrand et al., 2008). A normal fault cropping out nearby the
Fajã de Santo Cristo (Fig. 1) is a major unconformity between these
two cycles (Marques et al., 2018). The products of the last magmatic
cycle are younger than 100 ka and lie unconformably over those of the
earlier cycle in the central part of the island (Hildenbrand et al., 2014).
Eruptions have been originated from eruptive fissures oriented along
s of the different segments of the fissure zone: Serra do Topo (yellow), Rosais (white) and
onyms (in italics) quoted in the text. Black dashed line indicates the normal fault of Santo
) locates the Azores archipelago in the Atlantic Ocean. The right-hand inset (b) reports the
d star shows São Jorge Island. Terceira Rift and East Azores Fracture Zone are the north and
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N121°. A sub-segment departs from the central part of this segment, ex-
tending for ~6 km towards the west with a N100° direction (Madeira
et al., 2015 - Fig. 1).

Secondary manifestations of volcanism in the island are
characterised by two CO2-rich springs and four diffuse degassing struc-
tures (Viveiros et al., 2017), some of which associated to the mapped
tectonic structures (e.g. Madeira and Brum da Silveira, 2003).

3. Methods

This multi-approach work includes field works, air photos interpre-
tation, petrography, geochemistry of collected rocks and fluid inclusions
data, organised following the flow path shown in Fig. 2.

We first re-interpreted the available historical accounts, also sup-
ported by tales of local inhabitants, and draftedpreliminarymaps of vol-
canic vents and associated products (lavas and tephra deposits). Further
on,we foundgeological evidences for the refinement of ourmaps and to
collect samples. We combined fieldwork with remote-sensing analyses
using aerial photographs (1:15.000 scale) related to overflights in 1995,
1999 and 2004, high-resolution Landsat images from the Google Earth
archive and the 1:25.000 scale topographic map released in 1960,
i.e., before the set-up of the airport at “Fajã de Santo Amaro”. This
method allowed recognising the stratigraphic contacts between lava
units. Table 1 shows a cross-check among the various methods used
to gather evidences for each of the eruptions.

We first collected rocks only from outcrops produced during these
two eruptions according to earlier works, to serve as rock-types during
the rest of the sampling campaign. We studied these samples for pe-
trography and bulk-rock-geochemistry, and determined the modal
mineral assemblage through a computer-assisted stepping stage, by
counting 1500 points in each thin section.

Geochemistry was analysed on powders at Activation Laboratories
Ltd., Ontario (Canada). Inductively Coupled Plasma Optical Emission
Spectroscopy and Inductively Coupled Plasma Mass Spectrometry pro-
vided major and trace element compositions, respectively. Samples,
molten with LiBO2 and then leached by HNO3, were analysed for all el-
ements, except for Ni, Cu, Zn and Cd determination, for which a multi-
acid digestion (HF followed by a mixture of HNO3 and HClO4) was
Fig. 2. Flow chart with the procedure followed
used. Further information onmethods is available at the Activation Lab-
oratories website (www.actlabs.com). Analytical error is 5% for most of
major elements and better than 10% formost trace elements. Reproduc-
ibility was checked over 5 international standards.

Electron microprobe analyses of minerals were obtained at the Uni-
versity of Milan, Italy, by a JEOL JXA 8200 Superprobe, equipped with
five wavelength-dispersive spectrometers, an energy-dispersive detec-
tor and cathodoluminescence system. We used a spot size of 1 μm
with a beam current of 15 nA for the mafic phases, 5 μm and 5 nA for
feldspars and 5 μm and 2 nA for glasses. Count times were 30 s on the
peak and 10 s on each background. Natural and synthetic minerals,
used as standards, have been calibrated within 2% at 2σ. We corrected
raw data by applying a Phi–Rho–Z quantitative analysis program. The
typical detection limit for each element is 0.01%. The relative errors
are better than 6% for P2O5 and K2O and better than 3% for all the
other major elements.

Fluid inclusions were studied in the mineral assemblage present in
three tephra samples from the 1580 eruption and in one tephra from
the 1808 eruption. About 1–2 kg of each sample was coarsely crushed
with a jaw crusher, using as a smallest aperture the diameter of the
larger crystals. The crushed lavas and the scoria samples were then
sieved to separate the useful particle sizes (i.e. 0.25–1 mm). Hand-
picked mineral phases were embedded in epoxy and doubly polished
to attain a final thickness of 80–150 μm.Microthermometrywas carried
out on a Linkam MDSG600 heating/cooling stage, calibrated according
to synthetic fluid-inclusion standards of pure CO2 and H2O. Melting
and homogenisation temperatures are reproducible to ±0.1 °C, with
heating rates in the range of 0.2–0.5 °C min−1. Densities of the CO2

fluid were calculated using the Eqs. (3.14) and (3.15) of Span and
Wagner (1996). Isochores for pure CO2 fluid were calculated through
the application of the CO2 equation of state of Sterner and Pitzer
(1994), valid up to at least 1727 °C and10GPa. On CO2+H2O inclusions
(H2O:CO2 ratio=1:9), densitieswere calculated following the equation
provided by Sterner and Bodnar (1991) and corrected according to
Hansteen and Klügel (2008). Isochores were calculated using the soft-
ware FLUIDS (Bakker, 2003). Pressures were obtained from isochores
at 1082 ± 14 °C, calculated using a geothermometer based upon the
Ca content of the olivines in the samples (Shejwalkar and Coogan,
to reconstruct the two historical eruptions.

http://www.actlabs.com


Table 1
Synthesis of the matching evidences related to the two historical eruptions. Petrography and geochemistry have been studied on ejecta and/or lavas. The acronym “n.c.” stands for “not
conclusive”.

Source Historical accounts Field evidences Air photographs Petrography Geochemistry

1580 eruption
Vent A X X X X –
Lava from vent A X X X X X
Vents B, B′ no X n.c. X –
Lava from vent B no X X – –
Vent B″ no X n.c. X –
Lava from vent B″ no X n.c. X X
Vent C X X X X X
Vent D X n.c. X – –
Lava from vent D no X X X X
Vent E X X X – –
Lava from vent E no X X X X
Vent F – – – – –
Lava from vent F X X X X X

1808 eruption

Vent 1 X X X X –
Vents 2–7 X X X X X
Vents 8 n.c. X X X –
Vents 9 X X n.c. – –
Vent 10 X X X X X
Vents 11–16 X X X – –

54 V. Zanon, F. Viveiros / Journal of Volcanology and Geothermal Research 373 (2019) 51–67
2013). This temperature was considered representative for all mineral
phases.

4. Historical eruptions

4.1. The 1580 CE eruption

4.1.1. Chronicles
The material used in this research has been obtained by interpreting

the chronicles by Frutuoso (in Canto, 1880), who got information from
local observers, and by Soares (in Avellar, 1902). These chronicles pres-
ent various inconsistencies and Soares admitted a lack of chronological
information.

The first earthquakes were felt on the night of 28th of April with 30
shocks, and 50 more were counted the following day. According to
Frutuoso, the first two vents opened above the Ribeira do Almeida,
nearby the village of Santo Amaro, producing explosive activity whose
fallout affected the areas to the east. Two lava flows originated from
these vents, but there is only information on the first one which origi-
nated the 1st of May and lasted for half-a-day only, from the eastern-
most of these vents. This flow rapidly descended the steep cliff to the
sea covering a small piece of land. An imprecise number of other vents
opened from the 1st of May, progressively towards the east, involving
the site now termed “Mysterios”, up to Ribeira do Nabo (Fig. 3a),
along a straight line and generating multiple lava flows from four sites
in total, including the vents above the Ribeira do Almeida. Magma emis-
sion lasted up to July or August.

According to Soares the eruption originated north of “Mysterios”,
and on the high slopes of Ribeira do Nabo, 2 km eastwards. From
these vents a considerable amount of “stones and sand” was emitted
which fell both east and west of the vents, as a function of blowing
winds, up to Velas village (i.e. towards the southwest). Lava flows orig-
inated from five distinct sites. The easternmost flow, the “Mysterio de
Queimadas Bravas” in the area of Ribeira de Areeiro, east of the Fajã of
Santo Amaro originated apparently close to the sea and generated a vo-
luminous lava field. Other flows were emitted from an explosion vents
on top of Ribeira do Nabo and east of “Mysterio” vent, considered to
be the main one. Tephra fallout thereafter filled this latter vent and is
nowadays no more visible; the related lava flow reached the sea and
buried part of the Fajã of Santo Amaro. Similarly, another flow that
moved for 1 km westward, was emitted from three vents placed at
different heights and formed a composite lava field at “Queimada”. An-
other lavaflowwas emitted for twodays only, starting on the 1st of June,
from a vent above the Ribeira do Almeida and just arrived to the sea al-
most without covering pre-existing land.

During this eruption an “incandescent cloud” killed 10 persons as re-
ported in the historical chronicles (Wallenstein et al., 2018 and refer-
ences therein). The eruption lasted for 4 months.

4.1.2. Previous Studies
The geological map of São Jorge Island (Forjaz and Fernandes, 1970)

shows threemain sites associatedwith the 1580 eruption,which should
correspond to the vents A, B and F in the present study. As mentioned,
these mapped structures were based also on the study by Machado
(1962). Madeira (1998) and Madeira and Brum da Silveira (2003) also
reported these three sites for this volcanic event. The recent study by
Wallenstein et al. (2018) focused on the pyroclastic density currents,
and quote Madeira (1998) to locate the sources of these lethal events.

4.1.3. Field evidence, petrography and aerial photographs interpretation
The eruptive theatre begun to develop some time before the 1st of

May above the Ribeira do Almeida, nearby the village of Santo Amaro,
then progressively extended towards the east. A straight line of closely
spaced vents determined the gross of magma emission on the slopes
overwhelming a broad area from the present airport to the Ribeira do
Nabo. The whole affected area has a length of ~4.5 km and includes
many youthful volcanic features, previously not related to this eruption
or unrecognised. We understand that the whole study area includes
young volcanic centres, whichmakes it difficult to distinguish historical
landforms from other recent structures. However, our reconstruction is
supported not only by field observations, but also by petrography and
geochemistry of collected rocks, as resumed in Table 1.

Thewesternmost vent A (Fig. 3b) activated some time before the 1st

of May. Two adjacent 15-to-20-m-high spatter cones (Fig. 4a) formed
along aWNW-ESE direction, on top of the steep slope, above the Ribeira
do Almeida, south of Santo Amaro Village. Tephra fallout affected only
the areas around these vents. Spatter is vesicular, heterogeneous in
size, oxidised and agglutinated (Fig. 4b). Loose amphiboles and plagio-
clase (up to 1 cm across) are frequent. Ash and bombs are absent, sug-
gesting a brief activity of low-energy lava fountain. The product of this
activity might have resulted in an autoclastic and oxidised lava which
rapidly descended the steep cliff to the sea. We have found evidence



Fig. 3. The eruptive theatre developed during the 1580 event and the main dispersals of ash emission according to historical chronicles is shown in (a). It also reports the present urban
framework to illustrate the infrastructures threatened by a similar eruption today. The other frames present details of the distribution of pyroclastic cones and lava flows during the
eastwards migration of vents. Yellow stars show sites of rock collection.
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of a second lava flow,which has been probably emitted at the end of the
explosive activity. It is ~2.5 m thick at the centre of the quarry,
surmounting the spatter deposits. This lava flowed more to the south-
east and covered part of the Carregadouro (Fig. 4c), forming a 20-m-
high vertical cliff composed of several overlapping thin lava tongues,
interspaced by autoclastic breccia. The occurrence of multiple over-
lappedflows suggests that the emission in this area consisted in discrete
lava surges. Aerial photographs and field observations show a well-
developed channel, 10–15 m wide and with 3–4 m high levees in the
westernmost part of this flow field, showing the onset of stable emis-
sion conditions, at least during the final phases of the eruption. Recent
studies showed this vent as the source for pyroclastic density currents
(Madeira, 1998; Wallenstein et al., 2018). Less than 500 m to the east
of vent A there are a four small-sized vents (Fig. 3b). These are located
south of Pico Maria Isabel, alongside a dirt road heading to Santo
Amaro Village and are small spatter rampart very similar in constitution
to vent A. Remarkably, this road was built directly in the middle of the
ramparts, destroying its southern side. Periodic forest cut exposed the
deposits, which consist of welded spatter accumulated along a short fis-
sure. Vent B is the first to be found and is a 3-m high and 10-m long
spatter rampart (Fig. 4d). A limited outcrop of a thin and fresh lava
flow, showing the same petrographic features of the just-mentioned
spatter, is present ~100 m below vent B, along another dirt road at a
lower altitude. Vent B′ is located ~150 m east of vent B and is a ~4-m
tall and 15-m long rampart formed by max 50 cm across welded and
oxidised spatter. No lava flow is associated to this vent. These spatter
ramparts and lavas are quite small and are visible only after deforesta-
tion. Vent B″ is indeed a cluster of closely spaced vents located ~50 m
east of vent B′ on the same dirt road heading to Santo Amaro Village.
The largest vent is a b3-m high rampart formed by oxidised aggluti-
nated spatter. Two lava flows have been detected on aerial photographs,
which were emitted from two small effusive vents. The largest one
flooded the Fajã de Queimada (whose meaning is “burned”). This flow
field is now largely occupied by the airport and associated infrastruc-
tures. At the coastline the lava field consists of a succession of at least
three overlapping flow units with a thickness of ~2 m interbedded by
autoclastic breccia. Old black-and-white aerial photographs show the
overlapping of vent B lavas over those from the nearby vent C.

According to Soares, three lava flows reached the sea between
Queimada and the present airport area issued from three sites; an



Fig. 4. Pictures of the products and structures of the 1580 eruption. Viewof the two spatter cones forming vent A, seen from north (a). Quarrying activities removedmuch of the deposit of
these two cones and thewesternmost conewas recently levelled by a landowner. Viewof the abandonedquarry at ventA (b). The spatter deposit is ~15mhigh and formedby agglutinated
lava lumps. Lavaflow field at Carregadouro, issued by vent A (c).White dotted linesmark presumed boundaries of theflow.White coloursmarks a lava channel and levées. Remnant of the
spatter rampart constituting vent B, revealed by deforestation along the dirt road connecting Santo Amaro to Queimada Village (d). The spatter deposit is 3 m high and formed by
agglutinated lava lumps. Small lava shield built by piling up of multiple thin flows emitted by a small vent at the end of the eruption (e). The pyroclastic deposit ~350 m away from
vent C is a well-stratified lapilli fallout, hosting layers of preferential accumulation of plastered and/or fragmented bombs (f).
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Fig. 5. Petrographic features of selected samples of the 1580 eruption. Lavas show
intersertal texture (a). Plagioclase microphenocrysts dominate over olivine,
clinopyroxene and Fe-Ti oxides. Amphibole is present only as phenocrysts. Large
euhedral and partially resorbed plagioclase macrocrysts are found as cumulus phase in
many samples (b). Multiple twinned crystals and large tabular zoned crystals are
abundant in the lavas around the airport. Evidence of amphibole breakdown in a large
anhedral phenocryst is shown in (c). The occurrence of a complete breakdown is
showed by black crystals which preserve the shape and size of original amphibole.
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“upper vent” was located north of an unspecified road and two “lower
vents” formed below this road. We hypothesise that this is the same
dirt road where we found the spatter ramparts and therefore, the
“upper vent” corresponds to our vent B. Previous studies (Madeira,
1998; Madeira and Brum da Silveira, 2003 and references therein) lo-
cated the “lower vents” nearby the present airport runway at the base
of the slope, as mentioned by Soares. The 1:25000 scale military map
made before the manufacture of the airport runway shows a single
150 × 100 m elliptic bulge (~15 m high). We searched in vain for field
evidences of the presence of vents in this area (i.e., oxidised scoria, spat-
ter ramparts, feeder dyke). Even though we cannot exclude that the
landform remodelling during the construction of the airport runaway
was so intense to remove all signs of thepresence of such a relief, the ex-
istence of purely effusive vents (the “lower vents”) at this site does not
meet volcanological requirements. Therefore, we hypothesise that this
bulge, which included the two “lower vents” described by Soares
might have been a tumulus that formed at the slope rupture. Tumuli
are common structures which form during basaltic eruptions due to
an abrupt change in flow velocity when slope inclination reduces in a
short space (i.e., Duncan et al., 2004; Anderson et al., 2012; Guest
et al., 1984; Guest and Stofan, 2005).

Vent C opened on the southern slope of the pre-existing cinder cone
of Pico das Morgadias, (Fig. 3c). At this site a ~100-m-wide funnel-like
depression hosts three closely spaced pits aligned along E-W direction
and separated by thin vertical septa of solid lava. Pits are 15–25 m
deep and opened towards the south. At the bottom of the larger pit
there is a cave. Associated pyroclastic deposits are visible in a quarry,
open on Pico das Morgadias and on the southern dirt road, descending
from Santo Amaro village to the Fajã de Santo Amaro. The proximal de-
posit is N5-m-thick and comprises beds of coarse sand and lapilli, inter-
spersed by decimetre-sized plastered spatter and rolled bombs up to
1 m (Fig. 4f). Centimetre-thick laminar layers of fine sand are evident
at distal deposits, at the top of the sequence, marking the end of the
eruption at this vent. This deposit can be traced from at least the road
passing north of Pico das Morgadias to the south coast, where it is pres-
ent as a millimetre-thick veneer of thin sand, over lava flows. A discon-
tinuous sandy veneer, interbedded in the lava flows at the
Carregadouro, deposited during tephra fallout at Velas (Fig. 3a). This
vent was not previously recognised to be historical, but the extension
of the deposits and their nature, suggest a high explosive index for
this vent, at least during this phase of the eruption that fits with the de-
scription from Soares. We think that this vent was characterised by an
eruptive style consisting in episodes of lava fountains and hydro-
magmatic explosive activity. Three lava flows, emitted from closely
spaced vents, south of this vent, descended the steep flank towards
the present airport area (Fajã de Santo Amaro).

Vent D is located just 400 m east of vent C, but at lower elevation
(Fig. 3c). Its presence was not reported in the Soares's chronicles dedi-
cated to this eruption, but indeed it appears in his report of the 1808
eruption, as a morphological reference useful to locate some vents of
that eruption. This vent is, however, clear in aerial photographs. Its ac-
tivity should have been effusive only as we have not found neither py-
roclastic fallout nor spatter accumulation along the dirt road passing
right north of this vent. Lava flowed down to the sea, partially overlap-
ping the fresh lavas from the eastern vent E at the Fajã of Santo Amaro.

Vent E is located on the high slope of Ribeira do Nabo, ~1.2 km east
of vent D (Fig. 3d) and comprises two small cinder cones. Soares re-
ported that its activity was contemporaneous to that of vent D and
that they were “engulfed by ash” emitted by the successive eruptions.
Therefore, aerial photographs are poorly useful to detect these vents,
which are elliptical with major axis of ~180 and ~230 m, respectively,
oriented along WNW-ESE direction. Proximal deposits associated to
these vents are constituted by dark-grey lapilli (2–3 cm in diameter)
fallout, with interspersed decimetre bombs. These deposits crop out
along a dirt road passing in between these cones and then heading
down to Ribeira do Areeiro. A poorly developed soil separates this lapilli
fallout from the well-evident black tephra from the 1808 eruption. A
composite lava flow field formed by ′a′ā lava units (1.5–2 m thick) is
emplaced on the southern slope of the lowermost of the two cones. Its
limited thickness and the lack of lava flows superimposition suggest a



Table 2
Coordinates and petrographic characteristics of the samples considered in this study. Please note that the crystal content includes both phenocrysts and microphenocrysts.

Name Sample type Longitude Latitude Crystal content Texture Groundmass

1580 eruption
sj121207d Spatter 28° 11.450′W 38° 40.779′N – – –
sj131207a Lava 28° 11.683′W 38° 40.390′N plg30 + ol6 + ox4 + amp3 + cpx2 Intergranular 55%
sj020908a Spatter 28° 10.312′W 38° 40.563′N – – –
sj020908b Spatter 28° 10.436′W 38° 40.444′N plg34 + ol3 + ox3 + cpx2 + amp1 Intergranular 57%
sj020908c Spatter 28° 10.853′W 38° 40.523′N plg30 + ol4 + ox3 + cpx2 + amp1 Vitrophyric 60%
sj030908e Lava 28° 11.128′W 38° 39.935′N plg27 + ol12 + cpx12 + ox4 + amp2 Intergranular 43%
sj030908f Lava 28° 10.877′W 38° 39.860′N plg25 + ol15 + cpx5 + ox2 + amp1 Intergranular 52%
sj030908g Lava 28° 10.233′W 38° 39.744′N plg33 + ol18 + cpx7 + ox4 + amp2 Intergranular 36%
sj030908h Lava 28° 9.347′W 38° 39.448′N plg34 + ol12 + amp3 + ox3 + cpx1 Intergranular 47%
sj100415a Spatter 28° 10.237′W 38° 40.440′N plg30 + ol10 + cpx9 + ox2 + amp2 Intersertal 47%
Sj190815a Lava 28° 8.779′W 38° 39.097′N plg35 + ol10 + cpx6 + ox5 + amp2 Intergranular 42%

1808 eruption

sj111207a Lava 28° 7.813′W 38° 38.896′N plg28 + ol2 + ox2 ± cpx ± amp Pilotaxitic 68%
sj121207a Lava 28° 10.490′W 38° 40.991′N plg45 + ol10 + cpx4 + ox4 + amp2 Intergranular 35%
sj121207b Lava 28° 10.146′W 38° 40.937′N plg40 + ol15 + ox4 + cpx2 + amp2 Intergranular 37%
sj121207c Lava 28° 9.802′W 38° 40.774′N plg40 + ol7 + ox3 + amp2 + cpx1 Intergranular 47%
sj151207a Bomb 28° 7.475′W 38° 40.078′N plg30 + ox6 + ol3 + cpx1 + amp1 Hyalopilitic 59%
sj151207b Bomb 28° 7.475’W 38° 40.078’N plg25 + ox4 + ol2 + cpx1 + amp1 Hyalopilitic 67%
sj151207c Bomb 28° 7.475’W 38° 40.078’N plg25 + ox3 + cpx2 + ol1 + amp1 Hyalopilitic 68%
sj050908c Lava 28° 7.702′W 38° 39.783′N – – –
sj050908d Lava 28° 7.212′W 38° 39.544′N plg30 + ol8 + cpx7 + ox3 + amp1 Intergranular 51%
sj050908f Lava 28° 6.931′W 38° 39.405′N – – –
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single pulse ofmagma emission of short duration. Remnants of channel-
ized autoclastic lavas are evident close to the coast. This lava field is
surmounted to the east by the lava from vent F (Ribeira do Areeiro)
and to the west by the lava from vent D. Frutuoso (in Canto, 1880) re-
ported that a “high mountain above Ribeira do Nabo site drained to
the sea”. Madeira (1998) interpreted this sentence as probably referring
to a landslide, but no field evidence was found out also by that author
and we consider that it should refer to a lava flow from a vent located
in the high slope above Ribeira do Nabo.

The exact beginning of lava emission at vent F (Fig. 3d) at Ribeira do
Areeiro is not assessed in the chronicles. Field evidences and aerial pho-
tographs reveal a compound lava field made of numerous ′a′ā flows
b1m thick, emitted presumably fromwhat today appears as a small re-
lief in the middle of a forested area. The accumulation of these lavas
built a small shield structure (Fig. 4e), which overlaps the lavas emitted
from vent E (Ribeira do Nabo). The lava surface is free from tephra fall-
out; therefore, this emission probably was solely effusive.
4.1.4. Petrographic characteristics
Lavas collected from various vents (Fig. 3) are highly porphyritic

(45–64%) with intersertal texture (Fig. 5a). Plagioclase, olivine,
clinopyroxene, Fe\\Ti oxides and amphibole occur in the mineral as-
semblage by decreasing abundance (Table 2). It is important to remark
that amphibole is a signature of the products of these historic eruptions.
It can be found in other lavas of this island, but not in the areas affected
by these two eruptions.

Two size populations of plagioclase are present: larger crystals
(20–26mmacross) are tabular, euhedral to subhedral, with albite twin-
ning and sector zoning (Fig. 5b). Some of them show sieve texture and
the frequent occurrence at the core of irregularly shaped melt inclu-
sions, either isolated or in clusters. All of these characteristics show dis-
equilibrium conditions and incipient crystal melting (e.g., Stewart and
Fowler, 2001; Ginibre et al., 2002; Viccaro et al., 2010; Shcherbakov
et al., 2011; Nicotra and Viccaro, 2012) and therefore, these feldspars
are either antecrysts (according to Davidson et al., 2007), collected by
ascending magma from a crystallization front of a previously emplaced
magma, or derived from the disruption of a crystal mush at the magma
chamber walls. Plagioclase crystals smaller than 5 mm in size are
euhedral and tabular, with normal or oscillatory zoning, and without
disequilibrium features.

Olivines are less frequent and vary in size from 0.2 to 1.6 mm. Crys-
tals are subhedral, with limited exceptions represented by larger crys-
tals, which are euhedral. Polycrystalline agglomerates are common.
Clinopyroxene phenocrysts (up to 2.8 mm) are euhedral, weakly
zoned and include oxides. Smaller crystals (0.8–0.6 mm) are subhedral
and show disequilibrium features, i.e. embayments and resorbed rims.
Fe-Ti oxides are euhedral to subhedral and can be found as isolated phe-
nocrysts (0.6 mm) andmicrophenocrysts (200 μm). Amphibole crystals
(1.2–0.7mm) are partially or totally dehydrated (Fig. 5c), as showed by
the characteristic black band surrounding crystal cores (e.g., Devine
et al., 1998; Shaw and Klügel, 2002). Larger amphiboles may include
pecillitic clinopyroxene, plagioclase and apatite.

4.2. The 1808 CE eruption

4.2.1. Chronicles
Priest João Ignacio da Silveira, in charge at the Santo Amaro parish

made a description of the eruption, that later on was first reported by
Soares in a journal article (in Avellar, 1902) and then collected in an ar-
chive by Canto (1880). It is reported that the first earthquake was felt
about one week before the onset of the eruption; since then seismicity
increased to become almost continuous only few hours before the first
strong explosion, between 11:00 and 12:00 on the 1st of May 1808.
The explosion occurred from a high hill overlooking Urzelina Village,
close to “Pico d'Antonio José de Sequeira” cone.

A black and dense cloud, accompanied by the ejection of incandes-
cent stones, rapidly rose in the sky, before being diverted towards SE.
Soon that day, a heavy fallout of black sandy ash buried country houses,
vineyards and other crop fields on the high slopes downwind, in the
nearby parish of Manadas. Seven distinct vents opened during this
phase and at least erupted for three days. At dawn of 4th of May, the
same activity started from a single vent located “entre as ribeiras”, i.e. lit-
erally “in between the water streams”. People living in the closest vil-
lages suffered breathing issues because to the fallout of heavy and
sticky tephra, and sulphur in the air.

On the 11th of May, two lava streams were observed in the parish of
Santo Amaro, and a few days after (unspecified), the activity came back
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to the same site of the 1st of May, with similar intensity and modality.
During the twelve days of this new phase, high winds kept on blowing
tephra again towards the SE (Fig. 6), therefore causing ash fallout over
the previously affected territories. Starting from the night of 16th, lava
flows from western vents rapidly descended the steep slopes towards
Urzelina. On the 17th a “nueé ardente” killed at least 8 persons, but sev-
eral studies point to N30 casualties (Gaspar et al., 2015; Wallenstein
et al., 2018 and references therein), between the church of S. Matheus
and a hermitage. The church was then partially buried by the lava,
which left only the bell tower unaffected. This event followed the re-
sume of explosive activity at eastern craters after a brief pause. The ma-
terial emitted in formof clouds of heavy and damp dust,flowedover the
ground down to the sea. Fouquè (1873) suggested that most of the gas
should be water vapour, CO2, HCl and SO2, and the deposit left by the
cloudwas a thin reddish veneer. Eyewitness observed noglowor flames
and some people wrapped by these clouds survived even with severe
burns. Similar events kept on occurring “with intensity” up to the 5th
Fig. 6. Eruptive phases of the 1808 eruption, reportedwith different colours. Amap of the set of
eruptive phenomena during the first eruptive phase at the easternmost segment of the eruptiv
hydromagmatic and Strombolian eruptions. Westwards propagation of the fissure and format
resumption of magmatism at the easternmost segment of the fissure is shown in (d), with a
emission follows historical accounts. Stars indicate sampling sites.
of June, and tephra fallout was reported at Pico, Terceira, and even São
Miguel islands, N180 km distance (Canto, 1880 and references therein).

4.2.2. Field evidences
Volcanism interested awide area of the island and developed during

four distinct phases characterised by the continuous migration of
magma emission and different styles (Fig. 6a). Phase 1 – Eruption was
first observed and described from Urzelina Village and was referred to
occur at an existing cone named “Pico d'Antonio José de Sequeira”,
which is not reported anymore on the official cartography. This cone
was close to a well-evident relief visible from Urzelina, we identified
in “Pico do Pedro”. From this site continuous tephra emission built a cin-
der cone at vent 1 (Figs. 6b, 7a) and generated voluminous sand and la-
pilli fallout. Soon after the eruptive fracture propagated westwards for
~600 m, and 6 deep and large funnel-like vents (vents 2–7, Figs. 6b,
7b) formed along the fissure and produced hydromagmatic activity
resulting in a laminated millimetre-sized coarse-ash deposit (Fig. 7c).
vents and lavaflows developed during the four phases is shown in (a). The development of
e fissure is shown in (b). At this stage phenomena were exclusively explosive, with mixed
ion of the lava field in the pastures of Santo Amaro Village (phase 3) is shown in (c). The
further episode of fractures formation and lava flow emission. The main dispersal of ash
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Coarse ejecta, consisting of angular fragments of pre-existing lava units,
fell only near the vents. Ejecta are not oxidised, suggesting a low-
eruptive temperature of the eruption at this site. At these vents explo-
sive activity lasted up to the evening of 3rd of May. Vents numbered
from 1 to 7 were previously identified by Forjaz and Fernandes (1970)
and already associated to this eruption.

Phase 2 – On the 4th of May explosive activity with a strong smell of
sulphur begun from two distinct sites located in between the Ribeira do
Arieiro and the Ribeira do Nabo (Fig. 6b) water streams (i.e. entre as
ribeiras). Phreato-magmatic explosions occurred at these vents accord-
ing to Madeira (1998) and Wallenstein et al. (2018). Vent 8 is a small
tuff ring hosting a nested cinder cone (Fig. 7d) located just northwest
of the vent 7, but on a different segment of the eruptive fracture.
Fig. 7. Pictures of the 1808 eruption. Pyroclastic cinder cone formed at vent 1 through continuou
vents opened along the eruptive fracture propagating for 600 m westwards from vent 1 and
diameter up to 100 m), bomb dispersal is limited to a radius of 150–200 m. View of a compos
sequence comprises massive lapilli-bearing sand layers, related to mixed magmatic-hydrom
related to coarse-ash surges from vents 2–7. At the top there is a layer almost 80 cm thick o
short-duration hydromagmatic activity (d). Picture taken a few years ago of the source of th
offer a shelter for cattle. The whole lava has been ripped to generate pastures. View of the mu
vent 1 (f). This picture was taken looking ESE. These vents produced mostly hydromagmatic a
Associate deposits consist in ~60-cm thick layer of black laminated
coarse ash with interbedded lapilli lenses. Vent 9 is located ~1.4 km
west of vent 8, at the head of the “Ribeira do Nabo” stream, along a
main road. It is a small maar, formed by two coalescing circular pits.
Local inhabitants remember to have smelled sulphur odour from this
site up to the middle of the last century. This last vent was firstly asso-
ciated with this eruption byMadeira (1998). Accessible proximal expo-
sures are limited to the rim of the maar and reveal the presence of a
fallout of composite breccia. No juvenile material has been found
around this vent.

Phase 3 –On the11th ofMay, lava begun to be issued from vent 10 on
the high pastures in the parish of Santo Amaro (Figs. 6c, 7e), ~3.2 km
NW from vents 1–7, and aligned with them along N110°. This vent
s activity during thewhole eruption althoughwith variable energy (a).Multiple funnel-like
feeding hydromagmatic explosions (b). Despite the large size of these vents (maximum
ite pyroclastic deposits (~3 m thick) originated by the activity of vents 1–7 (c). The basal
agmatic eruptions from vent 1. Hydromagmatic laminated deposits are then visible and
f organic matter-rich soil. Small cinder cone-tuff ring association generated at vent 8 by
e lava in the pastures of Santo Amaro (e). At present this structure has been levelled to
ltiple vents opened along a new eruptive fracture extending for ~800 m eastwards from
ctivity.
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was previously identified by Madeira (1998), but not accurately
mapped. At the beginning of this study there was a 20-m-long hornito,
hidden by a dense forest. Nowadays the vent was deforested and
reworked with a caterpillar to produce a shelter for cattle. Fluid lava
was emitted for only for two days towards the WNW, initially along a
depression and then channelized to a stream.

Phase 4 – At an unspecified moment, hydromagmatic activity oc-
curred along a new fissure which opened east of vent 1, along N100°
and extended for ~800 m eastwards from vent 1 (Fig. 6d). Six funnel-
like vents (vents 11–16) smaller and less deep than vents 2–7 formed
along this new fracture (Fig. 7f). Explosive activity from these vents
starting from the night of 16th, which originated the lethal pyroclastic
surges already described in literature (Wallenstein et al., 2018 and ref-
erences therein). These vents have not been reported in any of the ear-
lier studies, but the fracture is still well visible on the field preserving a
fresh morphology and the funnels are not engulfed by the ash emitted
during the latest phases of the activity. Therefore, we suggest that
their formation is necessarily related to this eruption. Soares (in
Avellar, 1902) mentioned that fumaroles maintained for some period
at the main vents (1–7) after the end of the eruption.

Even if nowadays the diffuse degassing structures found out in the
island are not associated with the historical volcanic eruptions
(Viveiros et al., 2017), three persons died in 1810 while cleaning inside
a tide well in the village of Urzelina due to the presence of gases, as
highlighted in a footnote from Soares (in Avellar, 1902).
Fig. 8. Petrographic features of selected samples of the 1808 eruption. Santo Amaro-type magm
one erupted during the 1580 eruption (a). Vermicular plagioclase phenocryst in Santo Amaro
magma is microporphyritic and with the hyalopilitic being the most frequent texture (
microphenocrysts. Mingling between the two magma types is shown in a volcanic bomb erup
4.2.3. Petrographic characteristics
During this eruptionmagmas with different petrographic character-

istics have been emitted (Table 2).
Santo Amaro-type was emitted during the Phase 3 in the pastures

nearby Santo Amaro Village and it is petrographically similar to the
most evolved lavas of the 1580 eruption. Lavas are highly porphyritic
(53–65 vol%) with intergranular texture (Fig. 8a). Mineral assemblage is
by decreasing abundance characterised by plagioclase, olivine,
clinopyroxene, oxides, and amphibole. Plagioclase is present in three di-
mensional classes. The largest crystals (up to 2.5 mm) are tabular,
euhedral to subhedral or with vermicular texture (Fig. 8b). Some of
them can be found in aggregates. Smaller crystals (0.7–1.5 mm) are
euhedral and either with oscillatory zoning and polysynthetic twinning,
or with normal zoning and sieve texture. Microphenocrysts
(0.25–0.4 mm) are euhedral and either tabular or acicular. Microliths
(b0.25 mm) constitute the gross of the groundmass. Regarding olivine,
subhedral xenocrysts (up to 2 mm across) and euhedral phenocrysts
(0.5–1.5 mm across) are rare. Hopper or polyhedral (Donaldson, 1976;
Faure et al., 2003, 2007) microphenocrysts are more common.
Clinopyroxene phenocrysts are rare, anhedral and with disequilibrium
features (embayments, reaction rims), and include rounded olivines and
oxides. Microphenocrysts (0.25–0.35 mm) are more frequent and can be
found as either single crystals or polymineralic aggregates. Amphibole is
commonly almost completely resorbed. Beside plagioclase, oxides, olivine,
rare clinopyroxene and intra-crystalline glass constitute the groundmass.
a is highly porphyritic with intergranular texture and mineral assemblage similar to that
-type magma (b). This texture is an evidence of disequilibrium conditions. Urzelina-type
c). Plagioclase phenocrysts are scarce and rare mafic phases are mostly present as
ted during the Phase 1 (d). Yellow arrows show the presence of tiny amphiboles.



62 V. Zanon, F. Viveiros / Journal of Volcanology and Geothermal Research 373 (2019) 51–67
Urzelina-type magma was emitted during the eruptive phases 1, 2
and 4. Collected samples are hyalopilitic (Fig. 8c), pilotaxitic or inter-
granular. They are less porphyritic than samples from the pastures of
Santo Amaro (32–49 vol%) with phenocrysts represented by euhedral
tabular zoned plagioclase (0.38–0.63 mm), either single or twinned,
and scarce amphibole. The latter can be found either as subhedral crys-
tal up to 1500 μm in size, or as anhedral fragments of smaller size
(0.8–0.45 mm), dehydrating to Fe-oxides plus pyroxene. This phase is
not present as microphenocrysts. Scarce subhedral olivine (up to
1.7 mm), euhedral to anhedral magnetite (0.5 mm) and very rare
euhedral clinopyroxene (b0.4 mm) are also present. A bomb ejected
during the phase 1 shows evidences of mingling with patches of
Urzelina-type magma in Santo Amaro type (Fig. 8d).

4.3. Bulk-rock geochemistry of the two eruptions

The 1580 magmas range in composition from basanite to hawaiite,
while hawaiite-mugearite sequencewas emitted during the 1808 erup-
tion (Fig. 9a). The least evolved products we sampled are porphyritic
lavas while the most evolved ones are vitrophyric or aphyric bombs
for both eruptions (Table 2). This variability in the porphyritic index is
caused by an effective separation of large crystals during the last phases
of magma ascent in the conduit, especially during the explosive phases.
Loose crystals (especially amphibole and plagioclase) can be easily
found and hand-picked in the fallout deposits beside aphyric bombs.

During the eruption of 1580 themost evolved samples (MgO ~ 4wt%
- Table 3) are spatter lumps emitted at the beginning of the eruption
from the westernmost vents A and B and from vent C.
Fig. 9. Geochemical features of these historical eruptions. Classification diagram according to t
eruptions revealed by CaO/Al2O3 vs FeO/MgO diagram (b). The variability of these ratios is sen
curved trend of clinopyroxene fractionation revealed by the variation of cobalt (compatible e
(c). Vertical arrow indicates the trend of evolution because of possible clinopyroxene accum
increase of strontium in the 1580 magma excludes plagioclase from fractionation process t
samples from vents B″ and C is showed by spikes. The magma erupted during the 1808 eru
showing limited plagioclase fractionation.
The least evolved lavas are characterised by MgO within the range
7.8–9.6 wt% and have been emitted during the latest stages of activity
from the vents B″ and C (Fajã de Santo Amaro). The same composition
has been emitted by vent A (Carregadouro lava), probably at a late
stage of the activity. All the other products show intermediate values
of MgO.

The overall geochemical variability of the products emitted during
these two eruptions shows an increase in silica, alumina, alkalis, P2O5

and most of the incompatible elements (i.e. Zr, Nb, Ta, Hf, Th, U, Rb,
Rare Earth Elements), while MgO and TiO2 and compatible trace ele-
ments (i.e. Sc, V, Co, Cr and Ni) decrease from the least evolved
magma of the 1580 eruption to the most evolved magma of the 1808
eruption. These geochemical variations reveal the occurrence of a com-
mon process of evolution, which links all the sampled compositions. Bi-
nary diagramsbetweenmajor elements and SiO2 (orMgO) showkinked
trends of variations indicative of fractional crystallization. This process
is qualitatively modelled in Fig. 9b through the variations of CaO/Al2O3

ratio and FeO/MgO. These elements are sensitive to the fractionation
of mafic phases (olivine and clinopyroxene) and calcic feldspar. The im-
perfect fitting of the samples to the curve shows the occurrence of pla-
gioclase accumulation. A progressive fractionation of clinopyroxene can
be seen in a plot of Sc vs. Ta, two elementswith a different compatibility
in the pyroxene structure (Fig. 9c). The effect of plagioclase accumula-
tion/removal can be appreciated in a plot of Sr vs. Ta. Strontium is com-
patible in the plagioclase structure. Its content increases throughout the
1580 eruption up to amaximum content of ~880 ppm, indicating a pref-
erential accumulation in these magmas, rather than the removal. This
value remains almost constant in all samples of the 1808 eruption,
he total alkali-silica diagram (a). Qualitative trend of evolution of the magmas of the two
sitive to fractionation/accumulation of olivine, clinopyroxene and plagioclase. Qualitative
lement in the structure of clinopyroxene) versus tantalum (fully incompatible element)
ulation in some samples erupted from the vents A, B″ and C in 1580. The progressive

hroughout the magmatic emission (d). The occurrence of crystal accumulation in lava
ption shows the same amount of Sr of the most evolved samples of the 1580 eruption,



Table 3
Whole rock data.

Sample sj121207d sj131207a sj020908a sj020908b sj020908c sj030908e sj030908f sj030908g sj190815a sj111207a sj121207a sj121207b sj121207c sj151207 sj151207b sj151207c sj050908c sj050908d sj050908f

Eruption 1580 1580 1580 1580 1580 1580 1580 1580 1580 1808 1808 1808 1808 1808 1808 1808 1808 1808 1808

SiO2 47.53 44.85 46.34 46.41 49.21 43.19 43.26 46.07 45.89 50.11 47.73 47.44 47.88 46.5 49.4 50.53 46.04 46.93 46.42
TiO2 2.97 3.39 3.53 3.66 2.93 4.07 4.22 3.52 3.22 2.55 3.22 3.12 3.11 3.1 2.47 2.44 3.60 2.91 3.29
Al2O3 16.73 14.4 16.33 16.48 16.96 14.66 14.61 15.49 18.57 16.83 16.75 16.99 17.06 16.5 16.7 17.29 16.51 16.08 16.61
FeOtot 1.61 3.89 2.9 3.54 2.57 2.13 4.91 1.83 1.71 1.65 4.08 1.81 1.81 1.8 1.62 1.65 3.97 4.28 2.32
MnO 8.03 7.63 8.8 8.41 8.32 10.3 8.17 8.3 8.54 8.27 7.35 9.07 9.05 9.0 8.11 8.24 7.61 7.12 8.67
MgO 0.19 0.18 0.20 0.18 0.21 0.19 0.18 0.18 0.15 0.21 0.20 0.19 0.19 0.1 0.20 0.21 0.20 0.20 0.21
CaO 4.13 9.61 6.05 5.91 3.97 9.08 8.78 7.83 6.18 3.45 4.54 4.42 4.44 4.9 3.31 3.28 5.5 4.45 4.76
Na2O 8.09 10.56 9.18 8.98 8.00 10.48 10.1 10.02 9.87 7.46 8.37 8.2 8.34 8.6 7.27 7.28 9.23 7.91 8.87
K2O 4.39 2.91 3.88 3.67 4.51 2.81 2.63 3.23 3.68 4.79 4.11 4.25 4.24 3.9 4.9 4.98 3.69 4.26 4.06
P2O5 1.65 1.1 1.5 1.35 1.7 1.05 0.98 1.25 1.21 1.99 1.61 1.69 1.72 1.5 1.98 2.03 1.43 1.72 1.57
Sc 11 25 16 16 10 24 24 22 18 9 13 12 13 1 8 8 18 11 14
V 175 301 237 250 157 361 351 300 229 115 187 194 194 20 116 112 253 185 201
Cr – 300 50 60 20 180 200 180 70 – 30 – – 6 – – 50 30 20
Co 25 51 34 38 23 50 57 44 38 17 26 27 26 2 17 16 33 27 27
Ni 20 60 40 60 – 100 120 110 20 – 20 20 20 3 – – 30 30 –
Cu 10 30 20 20 10 30 20 30 20 60 10 10 20 2 – – 20 10 10
Zn 130 190 110 110 120 120 110 100 100 140 120 130 130 13 130 130 110 120 110
Ga 25 21 24 24 26 24 23 23 23 27 25 25 25 2 27 27 25 26 25
Ge 1.9 1 2 2 2 2 2 2 1 2.3 1 2.1 2.2 2 2 2 2 2 2
Rb 34 23 29 29 39 22 20 27 21 42 35 34 34 3 44 44 29 40 30
Sr 882 567 793 802 820 655 626 625 893 825 813 840 870 81 836 827 764 772 815
Y 38.7 23 34 34 42 28 27 28 27 43 39 38.3 38.1 36 43 44 34 36 36
Zr 449 206 316 314 453 251 234 250 260 498 279 410 407 39 418 389 316 247 334
Nb 79.1 38 57 56 71 47 42 41 47 78 65 77.4 76.8 72 77 79 55 66 62
Ba 422 267 354 357 447 273 256 331 309 498 430 425 431 39 507 514 359 428 387
La 59.2 30.9 47.2 44.3 63.2 35.1 32.6 33.7 36.1 68.1 55.2 55.9 56.3 51 66.5 69.7 44.1 54.8 48
Ce 121 64.8 104 97.1 138 76.5 72.1 72.2 78.2 145 120 116 117 10 146 151 97.9 118 108
Pr 15 7.64 13.1 12.1 17 9.44 9.25 9.08 9.84 17.8 14.9 14.7 14.6 13 17.6 17.8 12.2 14.4 13.2
Nd 64.5 31 54.7 51 70.1 40.4 38.9 37.3 40.8 73 62.2 62.5 62.1 56 70.7 71.4 50.5 58.7 56.3
Sm 13.1 7.7 11.4 10.7 14 8.8 8.5 7.9 8.8 14.8 12.6 13.2 13 12 13.6 14.7 10.6 11.9 11.9
Eu 3.81 2.57 3.61 3.46 4.54 2.9 2.76 2.69 2.88 4.5 4.02 3.86 3.91 3 4.38 4.61 3.47 3.71 3.88
Gd 9.9 6.8 9.7 9.1 12.1 7.9 7.3 7.4 7.7 12.2 10.8 10.1 10.5 9.3 12 11.8 9.3 9.9 10.2
Tb 1.51 1 1.4 1.3 1.8 1.2 1.1 1.1 1.1 1.7 1.5 1.52 1.56 1.4 1.6 1.7 1.4 1.4 1.4
Dy 8.06 5.3 7.3 7.1 8.9 6.2 5.8 6 5.8 9.1 8.3 7.73 8.09 7.5 8.9 9 7.3 7.8 8
Ho 1.39 1 1.3 1.3 1.6 1.1 1 1 1 1.6 1.5 1.4 1.35 1 1.6 1.6 1.3 1.4 1.4
Er 3.6 2.7 3.3 3.2 4.1 2.7 2.6 2.6 2.7 4.2 3.8 3.62 3.52 3.4 4.1 4.2 3.2 3.5 3.6
Tm 0.491 0.36 0.44 0.42 0.53 0.36 0.34 0.33 0.35 0.56 0.49 0.499 0.463 0.44 0.54 0.53 0.4 0.47 0.47
Yb 3.01 2.1 2.7 2.5 3.1 2.1 2 2.1 2.1 3.3 2.9 2.93 2.89 2.7 3.3 3.4 2.5 2.9 2.6
Lu 0.458 0.29 0.39 0.38 0.48 0.32 0.3 0.32 0.31 0.5 0.42 0.467 0.45 0.43 0.48 0.51 0.38 0.43 0.42
Hf 7.8 5 7.3 7.1 9.7 5.9 5.7 5.7 5.6 10.7 6.5 7.4 7.3 7 8.9 8.3 7 5.8 7.3
Ta 5.56 3 4 3.9 5.1 3.1 3 2.9 3.1 5.3 4.5 5.37 5.5 5.1 5.1 5.3 3.8 4.6 4.1
Pb – – – – 6 1.483 1.221 1.69 – 6 – – – – 9 – 2.32 2.17
Th 5.37 2.8 4.3 4.1 5.5 3.1 2.9 3.2 3.1 6.04 4.7 4.91 4.97 4.7 6 6.2 3.9 5.5 4.1
U 1.87 1 1.6 1.5 2 1.2 1.1 1.1 1 2.2 1.8 1.81 1.81 1.6 2.2 2.3 1.5 1.9 1.6
CaO/Al2O3 0.48 0.73 0.56 0.54 0.47 0.71 0.69 0.65 0.53 0.44 0.50 0.48 0.49 0.5 0.44 0.42 0.56 0.49 0.53
FeO/MgO 1.94 0.79 1.45 1.42 2.10 1.13 0.93 1.06 1.38 2.40 1.62 2.05 2.04 1.8 2.45 2.51 1.38 1.60 1.82

63
V
.Zanon,F.V

iveiros
/JournalofV

olcanology
and

G
eotherm

alResearch
373

(2019)
51–67
a

9
7
8
1
6
9
4
2
6
1
5
9
0
9
0
0
0
5
.1
0
6
.2
1
.6
6
.6
6
.6
.5
.2
.6
4
3
4
.3
4
6
2
5
.1
2
–
3
6
2
3



Table 4
Results of mass-balance calculations applied to samples of the historical eruptions.

Eruption sample 1580
sj131207a

1580
sj020908c

ol cpx plg amph

SiO2 44.85 49.21 39.52 48.39 48.91 39.52
TiO2 3.39 2.93 – 2.16 0.01 6.19
Cr2O3 0.04 – – – – 0.04
Al2O3 14.40 16.96 0.05 6.13 32.60 13.95
Fe2O3 3.89 2.57 2.62 0.39 1.35
FeO 7.63 8.32 19.92 5.38 0.08 9.93
MnO 0.19 0.21 0.23 0.21 0.01 0.14
MgO 9.61 3.97 41.70 13.64 0.06 12.61
CaO 10.56 8.00 0.16 21.40 15.26 11.61
Na2O 2.91 4.51 – 0.54 2.63 2.58
K2O 1.10 1.70 – – 0.13 0.79
P2O5 0.52 1.29 – – – –
Mass balance
calculation results

−7.0% −21% +20% −5.6%

Eruption sample 1580
sj131207a

1808
Sj151207a

ol cpx plg amph

SiO2 44.85 46.04 39.52 48.39 48.91 39.52
TiO2 3.39 3.60 – 2.16 0.01 6.19
Cr2O3 0.04 0.01 – – – 0.04
Al2O3 14.40 16.51 0.05 6.13 32.60 13.95
Fe2O3 3.89 3.97 – 2.62 0.39 1.35
FeO 7.63 7.61 19.92 5.38 0.08 9.93
MnO 0.19 0.20 0.23 0.21 0.01 0.14
MgO 9.61 5.50 41.70 13.64 0.06 12.61
CaO 10.56 9.23 0.16 21.40 15.26 11.61
Na2O 2.91 3.69 – 0.54 2.63 2.58
K2O 1.10 1.43 – – 0.13 0.79
P2O5 0.52 0.85 – – – –
Mass balance
calculation results

−7.0% −10.8% +25% −4.0%

Eruption sample 1808
Sj151207a

1808
Sj151207c

ol cpx plg amph

SiO2 46.04 50.53 38.72 46.88 48.80 40.53
TiO2 3.60 2.44 – 2.45 – 5.38
Cr2O3 0.01 – – – – 0.04
Al2O3 16.51 17.29 0.04 7.16 32.54 12.54
Fe2O3 3.97 1.65 – 2.04 – 1.41
FeO 7.61 8.24 21.53 6.00 0.46 11.81
MnO 0.20 0.21 0.33 0.17 – 0.24
MgO 5.50 3.28 39.92 12.43 0.07 11.75
CaO 9.23 7.28 0.18 20.95 15.44 11.30
Na2O 3.69 4.98 – 0.68 2.37 2.70
K2O 1.43 2.03 – – 0.10 0.77
P2O5 0.85 1.19 – – – 0.05
Mass balance
calculation results

−1.0% −6.5% −2.5% −0.8%

The first and the last of these tables show the results of the process of fractional crystalli-
zation between the extreme compositions of the two eruptions. The second table shows
the results of the rate of fractionation between the least evolved compositions of the
two eruptions. Reported mineral analyses are representative compositions obtained by
electron microprobe. Negative numbers indicate subtraction of mineral phases, positive
numbers indicate crystal accumulation.

Table 5
Fluid inclusions data.

Sample & eruption Source Host mineral Number of analyses Te

sj020908a
1580

Vent C early phases 3 pyroxenes 21 Ea

sj240713b
1580

Vent C late phases 2 olivines 15
1 plagioclase 68

sj121207d
1580

Vent A 1 olivine 3

sj150713c
1808

Vent 8 5 olivines 6
3 amphiboles 8

a Value corrected considering a H2O/CO2 ratio of 1:9, and recalculated according to Hanstee
b Depth calculated assuming a depth of the crust-mantle transition at 29 km (according to B

Frezzotti, 2013) as representative of the lithologies of the crust and of the shallow mantle resp
c Evidences of re-equilibration.
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suggesting the occurrence of a small extent of crystal fractionation in
these samples (Fig. 9d). Finally, almost all the sampled rocks contain
amphibole with decreasing amounts from 1580 eruption samples to
those of 1808.

Mass-balance calculations can quantitatively model these qualita-
tive statements, involving the less and most evolved compositions of
the two eruptions and the mineral chemistry of the phases present in
the assemblage (Table 4).

4.4. Fluid inclusions data

Fluid inclusions are not abundant in the mineral assemblages of the
two eruptions. Early stage inclusions are rounded, b8 μm in size and are
isolated or in spatially well-defined clusters. Late-stage fluid inclusions
form trails of smaller bubbles which lined healed fractures, crosscutting
grain boundaries. In a single clinopyroxene from the 1580 eruption,
trails of late-stage fluid inclusions include also 5–10 μmlargemelt inclu-
sions. Those fluid inclusions included large acicular crystals of
pyroxenes.

Upon heating, frozen fluid inclusions (beyond −90 °C), instanta-
neously melted at−56.6 ± 0.1 °C, indicating a pure CO2 fluid composi-
tion. No further physical changes have been observed up to the
homogenisation temperature, which occurred to either the liquid
(ThL) or the vapour phase (ThV) from 10.6 to 30.9 °C. Table 5 presents
a summary of the data of fluid inclusions.

Some fluid inclusions show visible evidences of re-equilibration, i.e., a
black rim around the cavity, radialmicro fractures, halo of tiny (∅ b 1 μm)
bubbles around the main cavity (Vityk et al., 2000; Bodnar, 2003). How-
ever, according to Campione et al. (2015) inclusions b1 μm in size are
not re-equilibrated. The optical resolution of ourmicrothermometric sys-
tem provides reliable results up to 2–3 μm, i.e., close to the critical size.
Therefore, we can assess that our analysed inclusions suffered just a min-
imum degree of re-equilibration. Consequently, the highest calculated
pressure, which derives from the isochores calculation from small inclu-
sions, must be considered as the reliable proxy of the trapping of the
fluid. Further details can be found in the data discussion in similar
works on the other islands of the archipelago (Zanon and Frezzotti,
2013; Zanon and Pimentel, 2015; Zanon, 2015b).

5. Discussion

5.1. Model of dyke intrusion

From the merging of the collected information we here formulate a
conceptual model of the magma ascent path during these eruptions.

5.1.1. Eruption of 1580
The eruption begun at the westernmost vents and along a fissure

that opened to the east. The emitted magma is evolved and has few
and more resorbed amphibole crystals (kaersutite), and miss cumulus
xture ThL (°C) Max density (kg m−3)a P (MPa) Depthb (km)

rly and late stage 10.6 896 642 23.4

Late-stage 16.6 844 563 20.5
Late-stage 25.4 736 437 15.9
Early-stagec 28.2 681 359 13.1

Early-stage 22.8 775 472 17.2
Late-stagec 30.8 561 253 9.2

n and Klügel (2008), following the considerations in Zanon and Frezzotti (2013).
eier et al., 2012), average density values of 2.8 g·cm−3 and 3.22 g·cm−3 (Zanon and
ectively.



65V. Zanon, F. Viveiros / Journal of Volcanology and Geothermal Research 373 (2019) 51–67
plagioclases. This magma is clearly a colder one representing the upper
tip of the intrusion. This magma should have interacted with a ground-
water reservoir, which originated hydromagmatic activity at the upper
central and eastern vents. The intrusion at the eastern end of the dyke
possibly generated a small sector slide along an arcuate surface, which
then facilitated the shallower and late magma emission at Ribeira do
Areeiro. Further on a less evolved magma was emitted and the most
primitive one ascended from aminimumdepth of 23.4 km,where fluids
andmelt have been trapped together in olivines and pyroxenes and the
intrusion occurred along N100°, following the tectonic trend in this
area. This less evolved magma contained stable amphibole (coherently
with the P-T stability field in Ridolfi and Renzulli, 2012) and cumulus
plagioclase, as showed by Sr and Co (not shown) spikes in binary dia-
grams. Plagioclase-bearing crystal mush was present at a minimum
depth of ~16 km, as showed by small late-stage fluid inclusions in pla-
gioclase. The ascending magma disrupted this mush enriching itself
with euhedral plagioclases.

5.1.2. Eruption of 1808
Magma emission occurred along aN121° trending fissure during three

eruptive phases. Mugearite magma resulted from the fractionation of
mafic phases (21.8%) and the cumulus of plagioclase (25%) from the
hawaiite magma remained un-erupted after the 1580 eruption (i.e., after
228 years). Fractionation occurred at a depth of ~17 km, i.e., at the same
shallow ponding stage of the 1580 magma. Ten days after the beginning
of the eruption, vent 10 emitted the least evolvedmagma of this eruption
during phase 3. Its composition matches that of the latest phases of the
1580 eruption, suggesting that it was the same magma to be involved. It
is not clear from the accounts if the magmatism ceased or just reduced
in vents 1–7, opened during the phase 1 during this westward shift. The
different orientation of the fracture that opened during the phase 4 (i.e.
N100°) is probably related to the effect of the local topography.

5.2. Difficulties to identify and reconstruct historical eruptions

There have been several difficulties we had to face up that
characterised our close examination of the vestiges of these eruptions,
similar towhat happened during alike- studies in other islands of the ar-
chipelago (Ferreira et al., 2015; Pimentel et al., 2016):

a) Interpretation of the historical sources – Soares chronicles of the
1580 eruption are limited to the first days of activity and are written
in old Portuguese, making use of ambiguous terms and making ref-
erences to toponyms that are not reported on the topographic mili-
tary map. Even if none of the two chronicles reported direct
observations and the incomplete tales are in disagreement for
some aspects, Frutuoso (1522–1590?) is coeval and certainly based
on eyewitness transmitted to him, and for this reasonwe essentially
considered his chronicles.

b) Incomplete/partial information from previous studies – Madeira
(1998) and Madeira and Brum da Silveira (2003) drafted a map of
the 1580 eruption, which was very similar to early studies carried
out in the 60s and 70s (Machado, 1962; Forjaz and Fernandes,
1970). None of these maps refer to vents C, E, B, B′ and B″ hornitos
and associated lavaflows. In the area nowoccupied by the airport run-
way, they located a series of purely effusive vents, closer to the sea,
and alignedwith the vent at Ribeira do Areeiro along aN100° fracture.
A similar fracture is off the main eruptive axis and is improbable be-
cause a fracture a lower altitude would have drained off all the
magma from the upper fracture and also the ascending magma
would have for sure interacted with the groundwater reservoir caus-
ing notable hydro-volcanic blasts. We found no evidence of these
vents both in the field and even on the oldest aerial photographs we
have (i.e., before the airport). Similarly, previous studies did not report
vents to the east of the main pyroclastic cone that we hypothesized
were generated during the eruption of 1808 (vents 11–16).
c) Dense vegetation – The Azores are characterised by a very humid
climate with mild temperatures all along the year, with many
rainy days. These conditions favour the development of lush vegeta-
tion (bushes and trees), which softens sharp landforms and hinders
small geologic structures. Soares reported that ten-twenty years
after the 1808 volcanic activity erupted lavas were already covered
with moss or even colonised by shrubby vegetation.

d) Deposit degradation and anthropic actions – Another important
issue is thedegree of deposits degradation and the anthropic actions,
which particularly affected the geosites of the 1580 eruption with
many diffuse and temporary quarries at the A and C vents. Access
roads have been built through spatter ramparts and hornitos at
vents B, B′ and B″. The westernmost side of the spatter cone at
Santo Amaro (vent A) has been totally ripped away during the last
years. The pits at vent C have been used up to the beginning of this
work to dispose of garbage and dead cattle. At lower altitudes the
whole lava field at Fajã de Santo Amaro has been heavily reworked
to build the airport of São Jorge Island and set up a large and still ac-
tive quarry.

Regarding the 1808 eruption, quarrying is limited to themain cinder
cone at the centre of the fissure opened at Phase 1; however, man acted
asmuch as possible to convert fresh lava surfaces into green pastures by
ripping and ploughing. This happened essentially in the area associated
to Phase 3. In the recent orthophotographs only the vents related to the
explosive phases are still clear, and part of the Urzelina lava flow. Mak-
ing use of older black andwhite stereo aerial photographs the perimeter
of this flow can be traced more confidently due to its thickness. Differ-
ently, the less evolved flow of Santo Amaro is merely perceivable, due
to the extensive reworking and the lack of streamlines. On the steeper
flanks over Urzelina, these flows are detectable as narrow rivulets
with a rough morphology, stacking on a smooth surface.

5.3. Potential hazards

The main hazards associated with the fissural basaltic (s.l.) volcanism
at São Jorge Island should be relativelyfluid lavaflows and tephra fallouts.
However, pyroclastic density currents and pyroclastic surges originated
during both historical volcanic eruptions (Madeira, 1998; Wallenstein
et al., 2018), and this hazard that caused casualties in both events, in-
creases significantly the risk for the population. The occurrence of these
phenomena seems to result from the lava front collapse, advancing
over a steep cliff, and the occurrence of hydromagmatic events. Pyroclas-
tic clouds rarely occur at basaltic volcanic systems. However, recent erup-
tions originated from the summit craters of Mt. Etna Volcano (Behncke
et al., 2003; Andronico et al., 2018) drew the attention to a new mecha-
nism of generation of pyroclastic clouds and highlighted the hazard of
such unexpected events (Behncke, 2009). Madeira (1998) also reported
that previous eruptions at São Jorge produced pyroclastic surges (Pico
do Areeiro: 2530± 60 BP) and block and ash flows (from Pico do Carvão
or Pico Montoso: 2880 ± 60 BP), pointing again that this type of hazard
seems to be common on the island.

From thehazard perspective, the fact that eruptionsmay occur along
fractures that extenddiscontinuously for several kilometres andmay af-
fect different villages, is will be a challenge for themanagement of a fu-
ture crisis. The island presents steep cliffs that during an eruptionmight
difficult movement of population and roads can be cut off by lava flows
and/or possible pyroclastic density currents. Some villages have only
one access road, for instance. The more active area of the island,
where the historical eruptions occurred, accomplishes the most popu-
lated villages, where the local airport and harbours are located. The
management of a possible future volcanic eruption will be even more
challenging if themagma emission jumps back-and-forth along fracture
segments, as occurred during both historical volcanic eruptions. Finally,
the 1580 event lasted for four months and a similar scenario would
enormously impact on the economy of the island.
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The degassing described for the 1808 volcanic eruption and that
lasted at least for two years after the eruption in the village of Urzelina
may also represent a significant hazard. The main gas emission that
persisted after the eruption was probably CO2, which because of its
characteristics cannot be detected without appropriate sensors
(Viveiros et al., 2016 and references therein). Because of its characteris-
tics, this hazardwill persist also aftermagma emission; in fact CO2 emis-
sions have been responsible for several casualties also at Pico, Graciosa
and São Miguel islands, during non-eruptive scenarios (Viveiros, 2003;
Gaspar et al., 2015).

6. Conclusions

There are still many localities on Earth where mankind populates
poorly known and poorly monitored volcanoes. However, the set-up
of a monitoring system to detect the geophysical, geodetic and geo-
chemical signs of magmamovement at depth requires the fundamental
knowledge of the characteristics of the expected event. This latter ele-
ment requires in turn a good knowledge of the geological and volcano-
logical phenomena that may develop during an eruption. At São Jorge,
and similarly to all the other island of the archipelago of the Azores,
eruptions are determined by the geodynamics of the region (Zanon
and Frezzotti, 2013; Zanon, 2015a; Zanon, 2015b) and even if their oc-
currence is not frequent, an event may generate serious consequences
on the economy of the islands.

This study demonstrates the difficulty to reconstruct even very re-
cent eruptions and their dynamics in an environment where human
and natural factors contributed to rapid modifications of landforms.
Also, the complexity of the eruptive scenarios thatmay develop, as illus-
trated by this study, shows the urgent need for an emergency plan for
these remote communities, to face eruptions characterised by anunpre-
dictable and changeable dynamics.
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